To predict bottom-hole pressure accurately and project the achievable production rate from a gas well with large accuracy, a modelling of solid flow effect on pressure drop in a vertical gas well is proposed. This model incorporates the effect of turbulence, solid transport and Moody friction factor, it is an extension of Adekomaya et al (2011) and Sukkar and Cornell method for determination of pressure drawdown in vertical gas well. The results obtained show that solid transport contributes significantly to pressure drop which other models fail to take cognizance of. The pressure drop is higher when solid accompanies the flowing fluid than when solid is not present. It is concluded that the greater the specific gravity of solid and solid holdup, the higher the pressure drop.
Introduction
The problem of cuttings (solid) transport in vertical wells has been studied for many years, with the earliest analysis of the problem being that of Pigott [1] . The transport efficiency in vertical wells is usually assessed by determining the settling velocity which is dependent on particle size, density and shape, the drilling fluid rheology and the hole/pipe configuration [2] . In most practical applications, the particles involved are irregularly shaped. The irregular shape changes the settling behaviour compared with smooth, symmetrical particles [3] . Richards [4] reported settling velocity data for galena and quartz particles in water for a wide range of diameters.
The bottom-hole pressure is the major factor that dictates the production rate and information, and it is needed at all time during the life of the well. If the pressure profile can be predicted accurately, then the achievable production rate from a well can be projected with large accuracy. Also the bottom-hole pressure can be used to determine the inflow performance relationship of the reservoir. Many correlations have been developed for the prediction of bottom-hole pressure in single phase vertical pipe; some neglected the effect of turbulence and others neglected the fact that friction factor cannot be constant throughout the length of the flow string. While some considered the aforementioned factors, others assumed a constant average value of both temperature and gas deviation factor.
Single phase flow occurs in dry gas reservoirs; other fluids like water, condensate and solids (mainly sand and crystalline salt) are present in little quantity but are usually neglected. Rzasa and Katz [5] derived a correlation for calculating the static bottom-hole pressure. The major problem with this correlation is that it involves using the trial and error procedure to solve the equation at some depth below the surface, hence can be tiring when large data are to be computed. Poettmann [6] developed a correlation to predict the pressure drop in static well. This correlation is fairly accurate; it is easy to use because it does not involve trial and error method. It assumed that temperature is constant at an average value over the entire length of the flow string. This assumption gives accurate result for shallow wells but it is not valid for wells with great depth. Sukkar and Cornell [7] improved on Poettmann [6] correlation by integrating numerically at several constant average temperatures. This correlation has the advantage of improved accuracy and does not require the trial and error procedure for the calculation of bottom-hole pressure. Cullender and Smith [8] extended Sukkar and Cornell [7] method by calculating gas deviation factor as a function of both temperature and pressure. The major setback of this model is that it is tedious and time consuming. Messer and Raghavan [9] extended the Sukkar and Cornell [7] method by applying it to slanted wells at reduced temperatures of up to 3.0 and reduced pressures of up to 30. Guo [10] modified the constant average temperature and average gas deviation factor method by replacing the constant friction factor in the general equation for fully turbulent flow in rough pipes. Adekomaya et al (2011) [11] modified the Sukkar and Cornell [7] method by introducing a friction factor as a function of diameter. This model has the advantage of simplicity over Sukkar and Cornell [7] method but it does not consider the solid flow effect on the pressure drop. This model given by the author proposed the effect of solid transport on pressure drop in a vertical gas well, considering turbulent flow and the fact that friction is not constant throughout the length of the pipe.
Model development
Assumes that: (1) Change in kinetic energy is small and may be neglected; (2) Flow is turbulent and the tubing wall is nearly smooth. The general energy equation can be expressed as:
Determination of mixture density
The density of gas at any point in a vertical pipe is expressed as:
Density of solid is expressed as:
Fadairo et al [12] expressed solid holdup as:
Fadairo et al [12] expressed the density of mixture as:
Substituting equations (3), (4) and (6) into (7) 
The model can be developed by substituting both equation (8) and (9) into equation (1) 
Take p = p pr p pc and expand equation (11) 
Substituting equation (13), (14), (15) and (16) 
For a nearly smooth pipe, Katz and Lee [13] gives a friction factor of 
Equation (20) 
Since pressure varies with depth, it is wise to determine the pressure at each segment of the pipe. Keeping the lower limit constant and varying the upper limit, 0.5 is added to overcome the negative sign of the result when p pr is greater than 3. 
Stepwise method of calculating bottomhole pressure
Step 1: Compute the right hand side of equation (21). Step 4: The value obtained in Step 1 is subtracted from Step 3.
Step 5: The pseudo-reduced pressure corresponding to the integral value in Step 4 under varying condition of T pr and C 1 is selected.
Step 6: Multiply the value obtained in Step 5 by the pseudo critical pressure to obtain the required bottom-hole pressure.
3 Analysis of results Figure 1 and 2 show a comparison of Adekomaya et al [11] model with the proposed model of solid holdup of H s =0.001 and H s =0.01 at solid specific gravities of 2.5 and 5.0 respectively. From the plot, it is seen that pressure drop increases with vertical depth and the proposed model shows more pressure drop when compared to Adekomaya et al [11] model because of the solid being produced with the gas. It can be deduced that pressure drop was greatest when the solid holdup was 0.01 which signifies that the higher the solid content, the higher the pressure drops. This shows that Adekomaya et al [11] will not give an accurate pressure drop prediction in an unconsolidated formation. Figure 3 compared the three different wells producing solids of different specific gravities at solid holdup of H s =0.01. Well I produces fluid with solid specific gravity of 1.6, Well II produces fluid with solid specific gravity of 2.5 and Well III produces fluid with solid specific gravity of 5.0. From the plot, it can be deduced that the solid gravity effect is insignificant at the early production of the well when the depth is in hundred meters but the solid gravity effect becomes noticeable with increase in depth. Well I, II and III experience the pressure drop of 11 588 640 Pa at different depths of 531 m, 489 m and 398 m. It is concluded that the greater the specific gravity of solid the higher the pressure drop. Figure 4 shows the contributions of solid holdup on Figure 5 shows the pressure traverse for static gas well. From the plot, the pressure differential at each length is the same for both the experimental and the derived method. 
